The N-terminal fragment of amyloidogenic apoA-I mutants deposits as fibrils by unknown mechanisms. Results: The G26R mutation partially prevents helix formation of the N-terminal fragment upon lipid binding, thereby facilitating ␤-transition and fibril formation. Conclusion: Membrane binding modulates fibril formation of apoA-I through partially destabilized helical conformation. Significance: The results reveal a new pathway for amyloid fibril formation by apoA-I.
The N-terminal amino acid 1-83 fragment of apolipoprotein A-I (apoA-I) has a strong propensity to form amyloid fibrils at physiological neutral pH. Because apoA-I has an ability to bind to lipid membranes, we examined the effects of the lipid environment on fibril-forming properties of the N-terminal fragment of apoA-I variants. Thioflavin T fluorescence assay as well as fluorescence and transmission microscopies revealed that upon lipid binding, fibril formation by apoA-I 1-83 is strongly inhibited, whereas the G26R mutant still retains the ability to form fibrils. Such distinct effects of lipid binding on fibril formation were also observed for the amyloidogenic prone regioncontaining peptides, apoA-I 8 -33 and 8 -33/G26R. This amyloidogenic region shifts from random coil to ␣-helical structure upon lipid binding. The G26R mutation appears to prevent this helix transition because lower helical propensity and more solvent-exposed conformation of the G26R variant upon lipid binding were observed in the apoA-I 1-83 fragment and 8 -33 peptide. With a partially ␣-helical conformation induced by the presence of 2,2,2-trifluoroethanol, fibril formation by apoA-I 1-83 was strongly inhibited, whereas the G26R variant can form amyloid fibrils. These findings suggest a new possible pathway for amyloid fibril formation by the N-terminal fragment of apoA-I variants: the amyloidogenic mutations partially destabilize the ␣-helical structure formed upon association with lipid membranes, resulting in physiologically relevant conformations that allow fibril formation.
Apolipoprotein A-I (apoA-I) 2 is the major protein component of plasma high-density lipoprotein (HDL) and plays a central role in reverse cholesterol transport, a process by which excess cholesterol in peripheral cells is transferred to the liver for catabolism (1) (2) (3) . In humans, the apoA-I molecule (243 residues) folds into two tertiary structure domains, comprising an N-terminal ␣-helix bundle spanning residues 1-187 and a separate less organized C-terminal region spanning the remainder of the molecule (4 -6) . Naturally occurring mutations in the N-terminal helix bundle domain of human apoA-I are known to affect its functionality mainly in two ways: mutations in the N terminus (residues 1-90) are associated with hereditary amyloidosis, whereas those within the central region (residues 140 -170) are mostly associated with defective activation of lecithincholesterol acyltransferase (7, 8) .
So far, there are about 20 known mutations in the APOA1 gene associated with hereditary systemic apoA-I amyloidosis (9, 10) , among which G26R, the first and most common amyloidogenic mutation (11) (12) (13) , is characterized by amyloid deposits in the peripheral nerves, kidneys, liver, and gastrointestinal tract (11, 14) . Although the precise mechanism for the amyloidogenicity of variant apoA-I remains unclear, it is thought that an unstable N-terminal helix bundle conformation associated with amyloidogenic mutations promotes proteolytic cleavage of the full-length protein (10, 15, 16) , which deposits in the extracellular space of target tissues (17) . Indeed, we recently found that the G26R mutation destabilizes the helix bundle structure of full-length apoA-I (18) , and also enhances the amyloid fibril formation of the N-terminal fragment (amino acids 1-83) at physiological neutral pH (19) . This enhancing effect of the G26R mutation on fibril formation comes from the local effect on the first amyloidogenic core region (residues 14 -22) in the N-terminal fragment of apoA-I (20) . Alternatively, it is proposed that the mutation-induced structural perturbations in the amyloid-prone regions promote conformational conversions to the ␤-structure in the N-terminal segments (21, 22) . In addition, it was reported that oxidative modification of apoA-I methionine residues induces transformation of full-length wild-type apoA-I into an amyloidogenic protein (23, 24) .
Lipid membrane surfaces are well known to influence the folding, oligomerization, and fibril formation of a variety of amyloidogenic proteins (25) (26) (27) (28) . There are several possible mechanisms by which membrane binding can facilitate protein misfolding and aggregation. In some natively unfolded proteins such as islet amyloid polypeptide and ␣-synuclein, the formation of ␣-helical intermediate states of these proteins upon membrane binding promotes the aggregation of proteins through exposure of highly amyloidogenic sequences (29 -32) . Membrane binding also increases the local concentration of proteins, and reduces the dimensionality of their collision via diffusion, promoting inter-molecular interaction and fibrillization (33, 34) . Most recently, lipid vesicles were shown to accelerate the nucleation step of ␣-synuclein (35) and amyloid-␤ peptide (36) , triggering conversion into the aggregated state. Because apoA-I has a strong ability to bind to lipid membranes (37) and both the N-and C-terminal regions are involved in lipid binding (38) , it is expected that membrane binding has a key role in the aggregation pathway of the N-terminal fragment of apoA-I. However, little is known about the effect of the lipid environment on the amyloidogenic property of apoA-I to date (39) .
In the present study, we ask how membrane binding affects the fibril-forming properties of the amyloidogenic N-terminal 1-83 fragment of apoA-I variants. We also examine the role of partially ␣-helical conformation in the fibril-forming pathway of apoA-I. The results indicate that the G26R mutation prevents formation of the helical structure in the highly aggregation prone sequence upon membrane binding, facilitating the transition to the ␤-aggregate structure and fibril formation in the amyloidogenic N-terminal fragment of apoA-I.
Experimental Procedures
Preparation of ApoA-I Proteins and Peptides-ApoA-I 1-83 fragment and its engineered variants with substitutions G26R, Y18P/G26R, and L22C/G26R were expressed in Escherichia coli as thioredoxin fusion proteins and isolated and purified as described (19) . Cleavage of the thioredoxin fusion protein with thrombin leaves the target apoA-I with two extra amino acids, Gly-Ser, at the amino terminus. The apoA-I preparations were at least 95% pure as assessed by SDS-PAGE. The apoA-I 8 -33 and 8 -33/G26R peptides were synthesized by the solid-phase method with Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry. The amino and carboxyl termini were capped with an acetyl group and an amide group, respectively, to promote ␣-helix formation (40) . Peptide purity was verified by analytical HPLC (Ͼ97%) and mass spectrometry. In all experiments, apoA-I variants and peptides were freshly dialyzed from 6 M guanidine hydrochloride and/or a 1% ␤-mercaptoethanol solution into the appropriate buffer before use. Labeling of cysteine-contain-ing apoA-I variants with 6-acryloyl-2-dimethylaminonaphthalene (acrylodan) was employed as described previously (41) .
Preparation of Small Unilamellar Vesicles (SUV)-SUV was prepared as described (37, 42) . Briefly, a dried film of egg phosphatidylcholine (PC; Kewpie, Tokyo, Japan) was hydrated in 10 mM Tris buffer (150 mM NaCl, 0.02% NaN 3 , pH 7.4) and sonicated on ice under nitrogen. After removing titanium debris, the samples were centrifuged in a Beckman 70.1Ti rotor for 1.5 h at 15°C at 40,000 rpm to separate any remaining large vesicles. The PC concentration of SUV was determined using an enzymatic assay kit from Wako Pure Chemicals (Osaka, Japan).
Circular Dichroism (CD) Spectroscopy-Far-UV CD spectra were recorded from 185 to 260 nm at 25°C using a Jasco J-1500 spectropolarimeter. The apoA-I protein or peptide solutions of 50 g/ml in 10 mM Tris buffer (pH 7.4) in the absence or presence of 2,2,2-trifluoroethanol (TFE) were subjected to CD measurements in a 2-mm quartz cuvette. For the mixture with egg PC SUV, the apoA-I protein or peptide was incubated with SUV for 1 h prior to the measurement. The results were corrected by subtracting the baseline for an appropriate blank sample. The ␣-helix content was derived from the molar ellipticity at 222 nm ([] 222 ) using the equation: % ␣-helix ϭ [(Ϫ[] 222 ϩ 3,000)/ (36,000 ϩ 3,000)] ϫ 100 (43) .
Isothermal Titration Calorimetry (ITC) Measurements-Heats of binding of apoA-I variants or peptides to SUV were measured with a VP-ITC instrument (GE Healthcare) at 25°C. All solutions were degassed under vacuum before use. The SUV suspension was placed in the sample cell (1.33 ml) and titrated with 10-l aliquots of the apoA-I with continual stirring at 400 rpm. Heats of dilution were determined in control experiments by injecting apoA-I solution into buffer, and the heats were subtracted from the heats determined in the corresponding apoA-I-SUV binding experiments to give the enthalpy of binding. The ITC results were fitted to the one-site binding model in Origin 7.1 (MicroCal) to obtain thermodynamic parameters of binding.
Fluorescence Measurements-Fluorescence measurements were carried out with a F-4500 or F-7000 fluorescence spectrophotometer (Hitachi) and an F max fluorescence plate reader (Molecular Devices) at 25°C. To access the local environment of apoA-I single Trp variants or peptides, Trp emission fluorescence was recorded from 300 to 420 nm using a 290-nm excitation wavelength to avoid tyrosine fluorescence. In quenching experiments of Trp fluorescence, Trp emission spectra were recorded at increasing concentrations of KI (0 -0.56 M) using a 5 M stock solution containing 1 mM Na 2 S 2 O 3 to prevent the formation of iodine. Acrylodan emission fluorescence was collected from 380 to 600 nm using a 360-nm excitation wavelength.
Kinetics of aggregation and fibril formation of protein or peptide were monitored using the fluorescent dye, thioflavin T (ThT). ApoA-I 1-83 variants or 8 -33 peptides (0.1 mg/ml) in 10 mM Tris buffer (pH 7.4) were incubated at 37°C with agitation on an orbital rotator or microplate shaker in the presence of 10 M ThT. ThT fluorescence was recorded at 485 nm with an excitation wavelength of 445 nm. The time-dependent
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where F is the fluorescence intensity, F 0 is the initial base line during the lag phase, and F max is the final base line after the growth phase has ended (maximal fluorescence). k is the apparent rate constant for the growth of fibrils and t m is the time to 50% of maximal fluorescence. The lag time is calculated as t m Ϫ 2/k.
Transmission Electron Microscopy (TEM)-A 2-l droplet of the sample suspension was placed on a glow-discharged copper grid (300 mesh) coated with carbon, and then a 20-l droplet of 2% phosphotungstic acid solution (adjusted at pH 7.4 with NaOH) was added. After excess staining solution was blotted with a filter paper after 1 min incubation, the grid was dried in vacuo. TEM images were obtained at 120 kV on an FEI Tecnai F20 transmission electron microscope.
Total Internal Reflection Fluorescence Microscopy (TIRFM)-To observe individual amyloid fibrils in sample solution (50 M apoA-I), a fluorescence microscopic system based on an inverted microscope (IX70; Olympus, Tokyo, Japan) was used. ThT was excited using an argon laser (model 185F02-ADM; Spectra Physics, Mountain View, CA), and the fluorescent image was filtered with a bandpass filter (D490/30 Omega Optical, Brattleboro, VT) and visualized using an image intensifier (model VS4 -1845; Video Scope International, Sterling, VA) coupled with a SIT camera (C2400-08; Hamamatsu Photonics, Shizuoka, Japan).
Results

Effects of Membrane Binding on Fibril Formation of ApoA-I 1-83
Variants-We first assessed the fibril-forming properties of apoA-I 1-83 variants in the absence or presence of egg PC SUV using the amyloidophilic dye, ThT. As shown in Fig. 1, A and B, the 1-83 variants of apoA-I in solution (0.1 mg/ml) exhibited significant increases in ThT fluorescence in a timedependent manner, in which the G26R mutation greatly reduces the lag time for fibril formation (31 and 5.5 h for 1-83 and 1-83/G26R, respectively) (19) . Such time-dependent development of ThT fluorescence for the apoA-I 1-83 gradually decreased with increasing concentrations of SUV, and that essentially no increase in ThT fluorescence was observed at PC to apoA-I weight ratio of 30 ( Fig. 1A) . Even in extensive incubations over 600 h, no significant increase in ThT fluorescence occurred for the 1-83 fragment at this PC/apoA-I ratio (data not shown). In contrast, the 1-83/G26R variant still exhibited significant increases in ThT fluorescence in the presence of SUV with increased lag phase (32 h at PC/apoA-I ϭ 30, w/w) ( Fig. 1B) .
Fibril formation by the 1-83/G26R variant was significantly reduced by lowering the protein concentration to 50 g/ml, whereas relatively small decreases in ThT fluorescence were observed for the 1-83/G26R on SUV (PC/apoA-I ϭ 30, w/w) at the same protein concentration (Fig. 1C) . The enhancing effect of SUV on fibril formation of apoA-I 1-83/G26R at 50 g/ml depended upon the PC to apoA-I ratio, with there being an optimal SUV concentration for fibril formation (Fig. 1D ), as reported for ␣-synuclein aggregation on SUV (35) . At low PC/apoA-I ratios (Յ10, w/w), a high local concentration of apoA-I on the SUV surface compared with that in bulk solution would promote protein aggregation and fibril formation. However, as the SUV concentration increases (PC/apoA-I ratios Ͼ10, w/w), fibril formation by the 1-83/G26R decreases likely due to dilution of apoA-I on the SUV surface as well as depletion of lipid-free apoA-I in solution. As a result, the lag time increased for low PC/apoA-I ratios (Յ10, w/w) where nucleation occurs both on the SUV surface and in solution, and reached a maximal value when nucleation occurs only on the SUV surface ( Fig. 1D, inset) . Taken together, these results suggest that fibril formation by apoA-I 1-83/G26R on the SUV surface occurs by a different mechanism from that in bulk solution (35, 36) . Fig. 1E shows TEM and TIRFM images of apoA-I 1-83 variants after 120 h incubation in the absence or presence of SUV. Both apoA-I 1-83 and 1-83/G26R formed ThT active, straight fibrils in solution. In contrast, only the 1-83/G26R variant formed ThT active, straight fibrils in the presence of excess SUV. Interestingly, the 1-83 variant appeared to cause membrane budding or tubulation of vesicles after incubation instead of fibril formation, as reported for full-length apoA-I (46) and ␣-synuclein (32, 47) . No fibrils were observed by TEM for the apoA-I 1-83 incubated with SUV over 240 h (data not shown).
These results indicate that lipid binding strongly inhibits fibril formation by the amyloidogenic apoA-I 1-83 fragment (39) , whereas the G26R mutant still retains the ability to form fibrils on lipid membranes.
Binding Properties of ApoA-I 1-83 Variants to Egg PC SUV-To compare the binding properties of apoA-I 1-83 variants to the SUV surface, we performed far-UV CD and ITC measurements. Dynamic light scattering measurements demonstrated that there was no change in size distribution of SUV upon binding of apoA-I (data not shown). Far-UV CD spectra of apoA-I 1-83/G26R with increasing concentrations of SUV ( Fig. 2A ) demonstrated a structural transition from predominantly random coil to ␣-helix upon SUV binding. The ␣-helix content derived from the CD spectra increases with increasing SUV PC to the apoA-I ratio; an increase in the ␣-helix content is much less for the 1-83/G26R variant than for the 1-83 variant, and even at high PC/apoA-I ratios, the ␣-helix contents of apoA-I 1-83/G26R are significantly smaller than those of apoA-I 1-83 ( Fig. 2B ). This suggests that the G26R mutation decreases the propensity of the apoA-I 1-83 fragment to form a ␣-helical structure upon lipid binding. Fig. 2C shows a typical titration curve for binding of apoA-I 1-83 variants to SUV. As listed in Table 1 , the obtained parameters indicate that the 1-83 variants bind to SUV with high affinity similarly to full-length apoA-I (37) , and the G26R mutation reduces the binding capacity. In addition, binding of the 1-83 variants to the SUV surface is an enthalpically favorable but entropically unfavorable process (37, 48) .
Using the dissociation constant, K d , and the maximal binding capacity, B max , values for the SUV binding of the 1-83 variants listed in Table 1 , we can estimate the fraction and amount of apoA-I bound to SUV at different SUV PC/apoA-I ratios. Fig.  2D shows percentages of apoA-I bound to SUV (closed circles and triangles) and surface concentrations of apoA-I on SUV (open circles and triangles) with increasing concentrations of SUV. At low PC/apoA-I ratios (Յ10, w/w), SUV surfaces are saturated with apoA-I 1-83 variants and a significant population of lipid-free protein exists in solution in equilibrium with the SUV-bound state. In contrast, at high PC/apoA-I ratios (Ͼ30, w/w), both apoA-I 1-83 variants bind to SUV similarly in which the fraction of SUV-bound apoA-I becomes close to 100%. Thus, the distinct behaviors in the fibril formation of the 1-83 variants in the presence of SUV (Fig. 1, A and B) are not likely to be due to the differences in the amount of apoA-I bound to the SUV surface, but rather due to different conformations of the 1-83 variants bound to SUV.
Membrane-binding and Fibril-forming Properties of ApoA-I 8 -33 and 8 -33/G26R Peptides-To further evaluate the effects of the G26R mutation on the lipid-binding and fibril forming properties of the N-terminal residues of apoA-I, we used the apoA-I 8 -33 fragment because this peptide contains a high lipid affinity region that forms ␣-helical structure upon lipid binding (49) as well as a strong fibril-forming region (20) . The helical wheel diagram in Fig. 3A indicates that the G26R substitution places the strongly basic arginine residue into the nonpolar face of the amphipathic ␣-helix, destabilizing the helical structure (18, 19) .
ITC measurements of binding of apoA-I 8 -33 peptides to SUV (Fig. 3B) indicated that both the 8 -33 and 8 -33/G26R peptides bind to SUV with similar affinity but reduced binding capacity, compared with the corresponding apoA-I 1-83 vari- ants (Table 1 ). Significantly less exothermic heat in binding of the 8 -33/G26R peptide compared with that of the 8 -33 peptide suggests that the G26R mutation lowers the helical propensity of apoA-I 8 -33 upon binding to SUV (37) . Indeed, CD measurements demonstrated that the 8 -33 and 8 -33/G26R peptides undergo the conformational transition from random coil to ␣-helix upon binding to SUV, with the G26R mutation reducing the propensity to form ␣-helix (Fig. 3C) . Comparison of the ␣-helical contents of the 8 -33 and 8 -33/G26R peptides with increasing ratios of SUV PC to peptide clearly shows that the 8 -33/G26R peptide has less ability to form ␣-helix upon lipid binding compared with the 8 -33 peptide (Fig. 3D) . These results indicate that the G26R mutation impairs ␣-helical formation of 8 -33 residues, perhaps resulting in the different helical conformation of the N-terminal region of apoA-I on the membrane surface. Such a different helical conformation is expected to modify fibril formation for amyloidogenic proteins (30, 31, 50) .
To test this idea, we investigated the effects of lipid binding on the fibril-forming properties of apoA-I 8 -33 and 8 -33/ G26R peptides by ThT fluorescence assay. As shown in Fig. 3E , both 8 -33 peptides exhibited significant increases in ThT fluo-rescence upon incubation in solution, with the G26R mutation enhancing fibril formation of apoA-I 8 -33 peptide (20) . Similarly to the case of apoA-I 1-83 variants, the increase in ThT fluorescence of the 8 -33 peptide was strongly inhibited with binding to SUV, whereas the 8 -33/G26R still exhibited a large increase in ThT fluorescence upon incubation with SUV ( Fig.  3F ). In addition, TIRFM measurements demonstrated that in the presence of an excess of SUV, fibril formation was observed only for the 8 -33/G26R peptide despite both 8 -33 and 8 -33/ G26R peptides having a strong ability to form fibrils in solution (Fig. 3G) . These results indicate that the enhancing effect of the G26R mutation on fibril formation by apoA-I on lipid membranes comes from the local perturbation of the amyloidogenic region located in residues 8 -33 of apoA-I.
Evaluation of Membrane-bound States of ApoA-I 1-83 and 8 -33 Variants Using Trp or Acrylodan Fluorescence-To probe the conformational differences of amyloidogenic regions in the N-terminal residues of apoA-I on lipid membranes, we monitored Trp or acrylodan fluorescence of apoA-I 1-83 variants. In single Trp variants, W@8, W@50, and W@72 of the apoA-I 1-83 fragment, intrinsic Trp residues (Trp 8 , Trp 50 , and Trp 72 ) were substituted to Phe to generate single Trp variants (19) . For attachment of acrylodan to apoA-I 1-83 variants, we introduced a Cys mutation, L22C, because Leu 22 is located in the most aggregation prone segment of the N-terminal 1-83 residues of apoA-I (20, 21, 51) . Fig. 4A shows Trp fluorescence emission spectra of apoA-I 1-83 W@8 in buffer solution or bound to SUV. A significant blue shift in wavelength of maximum fluorescence (WMF) with increased fluorescence intensity upon SUV binding is consistent with the transfer of Trp8 into a more hydrophobic lipid environment. Comparison of WMF among three single Trp mutants of apoA-I 1-83/G26R (Fig. 4B) indicates that Trp50 is also involved in the conformational transition upon binding to SUV like Trp8, whereas the region around Trp72 is unlikely to contribute to the lipid binding because of no change in WMF. We also examined the effects of the G26R mutation on Trp environments of Trp8 and Trp50 using apoA-I 1-83 single Trp variants bound to SUV. Higher WMF values in both the W@8 and W@50 variants of apoA-I 1-83/G26R than those for the corresponding 1-83 variants on the SUV surface ( Fig. 4C) indicate that Trp residues at positions 8 and 50 in the G26R variant are more exposed to the solvent compared with the 1-83 variant. Consistent with this finding, a higher WMF value and KI quenching ratio (parameters of solvent accessibility of Trp8) for the G26R variant were also seen in apoA-I 8 -33 peptides (Fig. 4D) . (41, 52) . Comparison of WMF of the 1-83 L22C-acrylodan variants (Fig. 4F) further indicates that the acrylodan molecule attached at position 22 in the G26R variant is more exposed to the solvent compared with the corresponding 1-83 variant. Taken together, these results suggest that the G26R mutation induces more solvent-exposed conformation of the amyloidogenic regions in the N-terminal fragment of apoA-I on lipid membranes.
Effects of TFE on Fibril Formation of ApoA-I 1-83 Variants-Formation of ␣-helical structure has been reported to promote fibril formation of a number of amyloidogenic proteins (31, 53) . Interestingly, a partially folded, helical intermediate structure contributes to the acceleration of fibril growth of protein, whereas over-stabilization of a helical structure prevents fibril formation (54 -56) . Besides membrane binding, TFE is also known to induce partially helical intermediate conformations of protein, thereby promoting amyloid fibril formation (57) (58) (59) . Consequently, we examined the fibril-forming properties of apoA-I 1-83 variants in the presence of TFE, mimicking membrane-induced conformational changes to some extent.
Far-UV CD spectra of apoA-I 1-83/G26R in the presence of increasing concentrations of TFE demonstrate that TFE induces the transition of the secondary structure of the 1-83/ G26R from a random coil to ␣-helical structure (Fig. 5A) . Such effects of TFE in inducing the helical transition were similar between the 1-83 and 1-83/G26R variants (Fig. 5B ). It should be noted that the absence of a well defined isodichroic point in CD spectra (Fig. 5A) suggests a non-two-state transition of the secondary structure across the range of TFE concentrations, consistent with the results of thermal unfolding of full-length apoA-I (60). By plotting the mean residue ellipticities at 198 nm against 222 nm from CD spectra, we constructed transition diagrams for the 1-83 variants (Fig. 5C ) to identify the helical intermediate conformation (57, 58) . The observation of nonlinearity reflects multiple secondary structure transitions; the two intersecting lines shown in Fig. 5C indicate that the 1-83 vari- Next, we evaluated the kinetics of fibril formation of the 1-83 variants under different secondary structure conformations (at 10 or 30% TFE) using ThT fluorescence (Fig. 5D) . At a intermediate helical conformation (10% TFE), fibril formation of the 1-83 fragment was strongly inhibited, whereas there were great increases in ThT fluorescence for the 1-83/G26R variant. With a well folded helical conformation (30% TFE), in contrast, the 1-83/G26R variant exhibited no significant increase in ThT fluorescence over time. These results indicate that although the TFE-induced helix formation strongly inhibits ␤-transition and fibril formation by the 1-83 variants of apoA-I, the G26R variant has an ability to form fibrils when it has a partially helical intermediate conformation.
Effects of Y18P Mutation on Fibril-forming Property of ApoA-I 1-83/G26R-To probe the contribution of the first amyloidogenic region (residues 14 -22) in the N-terminal 1-83 fragment of apoA-I to the fibril-forming ability of the 1-83/ G26R variant on SUV, we introduced a Y18P point mutation. Tyr-18 is located at the center of the amyloidogenic segment containing very hydrophobic amino acids ( 14 LATVYVDVL 22 ), and the Y18P substitution was shown to cause strong inhibition of fibril formation by this region in solution (20) .
Far-UV CD measurements demonstrated that the Y18P mutation does not significantly alter the helix-forming properties of apoA-I 1-83/G26R upon binding to SUV (Fig. 6A ) and in 10% TFE solution (Fig. 6B ). ITC measurements of binding of apoA-I 1-83/Y18P/G26R to SUV indicated that this variant can avidly bind to SUV with similar affinity to the 1-83/G26R variant, although the Y18P mutation reduces the binding capacity of apoA-I 1-83/G26R (Table 1) . As shown in Fig. 6C , the kinetics of fibril formation of the 1-83/Y18P/G26R variant assessed by ThT fluorescence revealed that this variant forms fibrils in solution with markedly increased lag time (61 h) compared with that for the 1-83/G26R variant (5.5 h). SUV binding strongly inhibited fibril formation by apoA-I 1-83/Y18P/G26R even at a low PC/apoA-I ratio. Such inhibitory effects of the Y18P mutation on the fibril-forming properties of apoA-I 1-83/G26R were also seen in 10% TFE solution (Fig. 6D) . These results indicate that the amyloidogenic region around Tyr 18 is involved in the fibril-forming ability of apoA-I 1-83/G26R on lipid membranes.
Discussion
The results of the present study demonstrate that lipid binding plays a crucial role in fibril formation by the N-terminal fragment of apoA-I. In the lipid-free state, apoA-I 1-83 has a predominantly random coil structure that is highly susceptible to a transition to ␤-aggregate structure (19) . In contrast, lipid binding stabilizes the ␣-helical structure thereby strongly inhibiting fibril formation by the protein (Figs. 1 and 2) . Similar inhibitory effects of lipid environments on fibril formation were also reported in an apoA-I fragment (39) or peptides (61) and apolipoprotein C-II (62); in these cases binding to phospholipid membranes induces the transformation of unfolded protein to ␣-helix structure, thereby preventing the fibrillogenic process. As with other natively unstructured amyloidogenic proteins such as islet amyloid polypeptide (56) and ␣-synuclein (54), it is conceivable that stabilization of the ␣-helical state upon membrane binding generates a kinetic trap in transition to the ␤-sheet structure, thereby inhibiting amyloid fibril formation.
A significant finding of this study is that the amyloidogenic G26R mutation promotes fibril formation by the amyloido- (30, 31) . Far-UV CD analyses of apoA-I 1-83 fragments (Fig. 2, A and B ) and 8 -33 peptides (Fig. 3 , C and D) indicate that the G26R mutation impairs the ␣-helical transition of the N-terminal lipid-binding region of apoA-I. Significant reduction of the exothermic heats of apoA-I upon lipid binding by the G26R mutation, especially seen in apoA-I 8 -33 peptides (Table 1) (15, 63) . In many amyloidogenic proteins, it is known that membrane-mediated misfolding and promotion of fibril formation proceed via partially folded, helical intermediate states (64 -67) . Thus, it is likely that the transformation of transient ␣-helical intermediates to the ␤-sheet structure is a general pathway in the membrane-induced fibril formation of natively unfolded amyloidogenic proteins (31, 53) . The balance of whether the membrane binding favors or disfavors fibril formation appears to depend on the level of stabilization of the ␣helical structure (55, 56, 68) .
Many amyloidogenic mutations including G26R are located in ␣-helical segments of the N-terminal region of apoA-I that place proline or charged residues in the nonpolar face of an amphipathic ␣-helix (10). Thus, it is thought that these mutations destabilize the helix bundle structure of apoA-I (18, 19) , thereby promoting proteolysis. In addition to such destabilizing effects, we speculate that the amyloidogenic mutation in apoA-I may accelerate fibril formation of the proteolytic N-ter-minal fragment bound to cell membranes by promoting partially ␣-helical states. Consistent with this concept, although the TFE-induced helix formation strongly inhibits ␤-transition and fibril formation by the 1-83 variants of apoA-I, the G26R variant has an ability to form fibrils at a partially helical intermediate conformation (Fig. 5) . The mechanism by which the 1-83/G26R variant forms fibrils at the TFE-induced partially helical conformations is unclear, but it is plausible that the G26R mutation promotes fibril formation by the apoA-I 1-83 fragment not only by inducing partially destabilized ␣-helical conformation but also by enhancing the nucleation step of fibril formation (19) . Interestingly, it was reported that TFE-induced oligomerization and fibrillization behavior varied significantly between PD mutants of ␣-synuclein despite their secondary structural conformations being similar (58) . In addition, it was recently shown that certain familial ␣-synuclein mutations cause impaired membrane interactions and an exposed, membrane-bound conformer of ␣-synuclein, leading to a greater propensity to undergo the membrane-induced formation of neurotoxic aggregates (69) .
Estimation of the ␤-aggregation propensity (70) of the N-terminal 1-83 residues in apoA-I based on amino acid sequence indicates that residues 14 -22 and 49 -57 are predicted to be the most aggregation prone regions (21, 51, 71) . Combined with the secondary structure examination of the apoA-I G26R variant (13) and a finding that a peptide comprising residues 46 -59 of apoA-I aggregates to form amyloid-like fibrils (72) , it is considered that residues 14 -31 and 46 -59 in the apoA-I G26R variant are highly amyloidogenic regions that undergo the transition to the ␤-strand structure. Interestingly, the first amyloidogenic region overlaps with a very hydrophobic segment in the hydropathy plot ( Fig. 7A) , implying the high lipid-binding ability of this region (73) . Fig. 7B presents a proposed model of fibril formation by the N-terminal 1-83/G26R fragment of apoA-I on lipid membranes, which is reminiscent of the membrane-mediated aggregation model for human islet amyloid polypeptide (65, 66) . ApoA-I 1-83/G26R has predominantly a random coil structure in solution (step I), but membrane binding induces the formation of ␣-helical structure probably in two regions including Trp8 and Trp50, respectively (5, 74) (step II). In this step, formation of the ␣-helical structure around residue 26 is inhibited by the G26R mutation (18) . Association of apoA-I 1-83/G26R in partially ␣-helical conformations induces high local concentrations of the highly amyloidogenic region including Arg 26 (step III), leading to the transition to ␤-strand structure and acceleration of the intermolecular aggregation (step IV), and subsequent formation of mature amyloid fibrils. Consistent with this model, the finding that substitution of Tyr 18 located at the center of this highly amyloidogenic as well as hydrophobic region with a proline residue strongly inhibited fibril formation of apoA-I 1-83/ G26R on SUV (Fig. 6C) implies the important role of the first amyloidogenic region on fibril formation by apoA-I 1-83/ G26R on lipid membranes.
In summary, we have demonstrated for the first time that the amyloidogenic G26R mutation facilitates fibril formation of the FIGURE 7. Model of fibril formation of the N-terminal fragment of apoA-I mutant on lipid membranes. A, ␤-aggregation propensity and hydropathy of the N-terminal 1-83 residues of apoA-I. Residues 14 -31 (13) and 46 -59 (72) , which are predicted to be ␤-aggregation prone regions, are shown as arrows. B, I, apoA-I 1-83/G26R has a predominantly random coil structure in solution. II, membrane binding induces the formation of ␣-helical structure probably in two regions including Trp8 and Trp50, respectively. ␣-Helix is depicted as cylinders. The possible formation of the ␣-helical structure around residue 26 (dotted cylinder) is inhibited by the G26R mutation. III and IV, association of apoA-I 1-83/G26R in partially helical states induces a high local concentration of the highly amyloidogenic region including Arg 26 , leading to the transition to ␤-strand structure and acceleration of the intermolecular aggregation. The ␤-structure is shown as arrows.
N-terminal fragment of apoA-I on membrane surfaces through partially helical conformations. Because many other amyloidogenic mutations in apoA-I are located in ␣-helical segments of the N-terminal region (10) , it is likely that partially ␣-helical conformations that form upon association with lipid membranes are physiologically relevant conformations of mutated apoA-I in fibril formation. Biological membranes represent an abundant surface with the potential to serve as a template for amyloid formation (28) . The present findings suggest a new pathway involving cell membrane or lipoprotein surfaces for amyloid fibril formation by the N-terminal fragment of amyloidogenic apoA-I variants.
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